We propose an algorithm to extract the angles of vessels for the correction of flow measurements in circumpapillary Doppler OCT scans. Firstly, we register a volume to two reference scans in order to determine the physiologically correct structure of the volume. Then, vessels are segmented in the volume and the angles are calculated and stored in a look-up table. After having registered the circular scan to the volume by using the projection along the z-axis, the angles can be extracted from the look-up table. Repeatability measurements of flow parameters on 5 vessels of a healthy subject are presented.
INTRODUCTION
Optical Coherence Tomography (OCT) already is an established imaging modality.
[1] Early stage developments used OCT in order to visualize structure, especially of the retina in the eye. Time-domain OCT was succeeded by Fourier domain OCT that brought new advances in terms of imaging speed and resolution [2, 3] . The development of polarization contrast OCT and Doppler OCT (DOCT) allowed for the investigation of additional properties of tissue [4] . Perfusion of the retina is highly sensitive to pathology. Therefore, DOCT has the potential to diagnose any disorders at a very early stage. The relationship between the Doppler shift and the velocity of the scatterer is given by [5] ( 1 ) where g n is the group refractive index of the medium, v is the absolute flow velocity,α is the angle between the OCT beam and the flow, and 0 λ is the central wavelength of the light source. As can be seen from Eq. 1 the flow measurements need to be corrected for the angle of the vessel with respect to the laser beam. Several approaches have already been presented to deal with this problem. Michaely et al. [6] and Makita et al. [7] directly reconstructed the Doppler angle from 3D volumes. Others used multi-beam illumination [8] [9] [10] [11] [12] , recorded several arc scans with increasing radius [13] or used a double-circular scan pattern [14] . In this communication, we propose a different approach that consists of registering the circumpapillary scans to a reference volume and extracting the angles from the volume [15] . This increases the robustness of the method against motion artifacts.
METHODS
The optical setup that was used for the measurements has already been described elsewhere [3] . We used a line rate of 30kHz and performed circumpapillary scans with a radius of 2.1 mm, containing 3000 A-scans. All experiments were performed in compliance with the relevant laws and institutional guidelines and were approved by the ethics commission of the Medical University of Vienna. 
Registration of volume and extraction of angles
Before registering the circular scans to the volume, we extract the angles from it. Therefore, it is crucial that the reference volume represents the correct physiology. In order to achieve this we record two fast reference scans in Ydirection before the recording of the volume which can be regarded as being practically free of motion artifacts [2] . The reference scans are 1.2 times larger than the volume. For the registration, we extract virtual tomograms from the volume in Y direction and use the intensity projection in Z-direction to find the scan that corresponds to the reference scans by correlation analysis. After having found the correct scan in the volume we can align the height of the left and the right side of the B-scans along the reference tomograms in Y-direction. Thus, we get a volume that has the correct orientation with respect to both reference tomograms. This is illustrated in Fig. 1 .
After registration of the volume to the reference scans, we manually segment the vessels around the optic nerve from circular virtual scans with increasing radius from the Doppler images (see Fig. 2 ). Like this, the angle of the vessel at the center of two segmented points can be calculated with the following formula and a look-up table can be populate containing the positions and the respective angles at these positions [13] : It shall be noted that we have a different resolution in X (B-scan) and Y-direction. Therefore, in order to extract proper virtual scans, we have to repeat A-scans in the direction of low sampling. However, the vessel shadows which we use to guide the registration are little affected by this. Before applying Eq. 2 the measured distance values have to be transformed from pixels to mm. 
Cost function of circular registration
In order to guide the registration of the circular scans to the volume, we use the projection of the retinal pigment epithelium (RPE) and the photoreceptor layer (PR) in Z direction. The flow in the vessels leads to shadowing in the lower parts of the retina which is why the vessels lead to visible dips in these projections. The similarity measure of the registration is the correlation coefficient between the projection of the PR and RPE of the recorded circumpapillary scan and the virtual scan taken out of the volume. Before calculating the correlation coefficient the projections are bandpass filtered in order to remove variations in DC and high frequency oscillations. The correlation coefficient r(.) is defined as ( 3 ) where x, y denote averages.
Optimization routine
As registration parameters, we used the center point of the circular scan and the radii in X-and Y-direction. This means that we also allowed elliptical shapes of the virtual circular scan which is a reasonable approximation of the shape of the circular scan on the retina. In order to minimize our cost function which is the negative of the correlation coefficient we used the Nelder-Mead simplex algorithm [16] . It is based on heuristic rules by which a simplex in the optimization landscape is moved in order to reach a minimum. This yielded very good results in our experiments. However, the Nelder Mead algorithm also faces the problem of the possibility of being trapped in a side optimum. In order to circumvent this problem, we restart the optimization after each run, with the results of the former run used as a new starting point. Only after a new run has not improved the registration any further, we stop the optimization. A result of the optimization routine can be seen in Fig. 3 and Fig. 4 .
Extraction of temporal flow characteristics
For the extraction of the flow we have to deal with the problems of phase wrapping and fringe wash out. Phase wrapping occurs when the unambiguous velocity range of the OCT system is exceeded which is given by max 0 / (4 )
Fortunately, it is easy to tell the actual direction of the flow from the border of the vessel, where the flow velocities are small. In our measurements we did not encounter any double phase wraps. In this case a more complicated strategy would have had to be used. Fringe wash-out occurs when the flow is so fast that the fringes cannot be resolved anymore. This leads to a loss of signal. It is reasonable to assume a parabolic flow profile [17] and so we can correct the missing measurements by interpolation. We have to solve the following system of equations: ( 4 ) where p stands for the parameters of the paraboloid that needs to be fitted. The coordinates of the points that could be measured are given by (x, y, z). We can solve this system of equations in a least-squares sense. 
RESULTS AND DISCUSSION
As a proof of principle, we investigated the reproducibility of the method. We evaluated the mean velocity and pulsatility (PI) and resistance indices (RI) of three heart cycles on three different scans for two vessels that are shown in Fig. 3(b) , one of them being an artery and the other one a vein. PI [17] and RI [18] are defined as follows:
The results can be seen in Table 1 where "A" stands for artery and "V" for vein: We achieve a very good reproducibility of the mean velocity with coefficients of variation (c(.)) between 3 and 6 percent. The reproducibility of the pulsatility and resistance indices is not as good as our scanning speed of the circular scans of 10 Hz is at the limit of resolving the pulses of the heart cycle.
Several things have to be paid attention to during the processing of the data. First of all, it is of importance that the volume which is used to segment the vessels exhibits as much flow information in the Doppler images as possible. This might be improved upon by recording two volumes with orthogonal fast scan axis and registering them to each other.
Furthermore, it is important to note that the angle of the laser beam on the retina is likely to change from measurement to measurement. However, we believe that a good indicator of almost coinciding angles is the similarity of the surfaces of the circular scan and the virtual scan after registration as can be seen in Fig. 4 . In this study, we evaluated the difference in angle of the beam qualitatively by looking at the registration results and checking the similarity of the surface and the curvature of the RPE and PR layer. A different angle of the laser beam not only results in a different surface shape, but also in a different curvature of the PR and RPE layer. A small difference in curvature was accepted if the surfaces seemed sufficiently identical.
Also, for this registration procedure an unreasonable initialization can prevent the registration from being successful. However, in our experiments the initialization as presented in Fig. 3(a) worked quite well.
The elliptical shape that we used in these experiments is only a first approximation of the real shape of the scan on the retina. In general, the true scan shape does not have to be elliptical. It might also have an egg shape or not even form a closed loop, at all. This will be a point of future work to account for more arbitrary shapes of the scans on the retina.
In conclusion, we have presented a method to correct circumpapillary scans for the angles of the vessels which is quite robust to motion artifacts. We believe that this is a further step towards reliably and robustly extracting flow parameters from circumpapillary DOCT measurements. 
